Abstract Previous studies examining the covariation among Attention Deficit Hyperactivity Disorder (ADHD), Oppositional Defiant Disorder (ODD) and Conduct Disorder (CD) have yielded inconsistent results. Some studies have concluded that the covariation among these symptoms is due to common genetic influences, whereas others have found a common environmental overlap. The present study investigated the genetic and environmental correlations among these three childhood disorders, based on a sample of 1,219 twins, age 9-10 years. A latent externalizing behavior factor was found to explain the covariance among ADHD, ODD and CD symptoms. Genetic influences explained more than half of the variance in this externalizing factor in both boys and girls. There were also unique genetic and environmental influences in each set of symptoms, suggesting some etiological independence of the three disorders. Our findings have implications for molecular genetic studies trying to identify susceptibility genes for these disorders.
Attention Deficit Hyperactivity Disorder (ADHD), Oppositional Defiant Disorder (ODD) and Conduct Disorder (CD) are three of the most prevalent disruptive behavior disorders in children and adolescents. They affect approximately 1-15% of all school age children, and account for a large amount of childhood referrals to mental health clinics (Brown et al. 2001; Maughan et al. 2004) . They often lead to stress and frustration in the affected children, their families, teachers and peers. Numerous studies have reported comorbidity among these disruptive behavior disorders in both epidemiological and clinical samples (Angold, Costello & Erkanli 1999; Biederman, Newcorn & Sprich 1991; Faraone et al. 1998b; Maughan et al. 2004) , often making them difficult to isolate and understand individually. Such high levels of comorbidity among supposedly different domains of externalizing problems, such as inattention, hyperactivity, aggression and defiance make these various problem behaviors complex and particularly hard to treat. To date, the genetic and environmental etiology that underlies the comorbidity among these disruptive behavior disorders is unclear.
ADHD is characterized by pervasive and impairing symptoms of inattention, hyperactivity and impulsivity (American Psychiatric Association 2004) . The disorder is associated with academic underachievement, substance use and dependence, psychosocial problems and social maladjustment, including unemployment in adulthood (Biederman & Faraone 2006; Kuperman et al. 2001 ).
Like ADHD, ODD is also a common psychiatric disorder in children (Maughan et al. 2004) . The disorder typically occurs in early childhood and is characterized by a pattern of negativistic, disobedient, hostile and defiant behaviors. In contrast to ODD, CD is a more severe disorder; it often develops later than ODD, typically in early adolescence (American Psychiatric Association 2004) . In many cases, CD is found in individuals that have been diagnosed with ODD in early childhood (Biederman et al. 1996; Lahey et al. 2000) , and it has therefore been suggested that ODD may be a developmental precursor to CD (Rowe et al. 2002) . Regardless, the majority of empirical research supports a distinction between ODD and CD (Loeber et al. 2000) . Both ODD and CD are of great concern due to their high prevalence rates and poor outcome. Children with ODD and CD are at higher risk for later substance use and dependence (White et al. 2001) , and children with CD are more apt to develop other psychiatric disorders, including antisocial personality disorder during adulthood (Kim-Cohen et al. 2003; Robins 1966) .
There is evidence that children with these disruptive behavior disorders share a range of similar risk factors, including personality related factors, e.g., a tendency to be high in novelty seeking (Anckarsäter et al. 2006; Rettew et al. 2004) , and family related factors, e.g., socio-demographic disadvantages (Fergusson & Horwood 1998) and chaotic/ disruptive family environments, such as those associated to the effects of parental alcoholism (Kuperman et al. 1999) , marital conflict, and child abuse or neglect (Rutter, Giller & Hagell 1998) . Further, it is known from twin studies that genetic influences are important in the development of ADHD symptoms (Rhee et al. 1999; Rietveld et al. 2003; Thapar et al. 2000) , whereas both genes and shared environmental influences (i.e., non-genetic influences that contribute to co-twin similarity) seem to be important in the development of ODD symptoms (Burt et al. 2001 ) and CD symptoms (Jacobson, Prescott & Kendler 2002; Rose et al. 2004 ). In addition, family studies have shown that ADHD, ODD and CD are co-transmitted in families, and thus appear to share a common familial etiology (Faraone et al. 1998a) . For instance, one study found that relatives of ADHD probands were at greater risk for developing ADHD and ODD than relatives of normal controls (Faraone et al. 1997) . Although there are meaningful distinctions among ADHD, ODD and CD, especially in their correlates and outcomes (Schachar & Tannock 1995) , observation of their common vulnerabilities suggests that they share the same liability risk which could be either genetic, environmental or some combination of both in origin.
It is possible using a genetically informative design to investigate the nature of comorbidity, in which the covariation among symptoms of different disorders is explained by common (i.e., correlated) genetic risk factors, common environmental risk factors, or both (Rhee et al. 2007) . If the same genetic factors influence these disorders, then a high genetic correlation would be found. Likewise, if the same environmental factors are important, a high environmental correlation would be found.
Several twin studies have been conducted to examine the covariation between ADHD and combined ODD/CD symptoms (Nadder et al. 2002; Silberg et al. 1996) and between ADHD and CD symptoms, excluding ODD symptoms (Thapar, Harrington & McGuffin 2001) . These studies reported that the covariation between ADHD and combined ODD/CD symptoms and between ADHD and CD symptoms is largely explained by common genetic risk factors. The few twin studies that have distinguished between ODD and CD symptoms and analyzed them independently have however, reached somewhat different conclusions. Burt et al. (2001; used a sample of 10-12 year old children and conducted face-to-face interviews with both twins and their mothers. In one study, maternal and child reports were combined into one symptom count for each disorder (i.e., a "best estimate" approach: each symptom was considered present if either the mother or child endorsed it). The associations between these combined symptom counts for ADHD, CD and ODD were found to depend mainly on common shared environmental risk factors (i.e., non-genetic influences that contribute to similarity within pairs of twins) (Burt et al. 2003; Burt et al. 2001) . Combining information across reports in this way may not be ideal, however, given the potential rater effects which are known to be important in genetic models of childhood disorders . It is thus difficult to compare the results from Burt et al. (2001) to other studies using separate raters. In another study from this same group, however, mother and child reports were separated into different symptom counts, i.e., ADHD, ODD and CD. Shared environmental influences were found to explain most of the variance common to maternal and child reports, but genetic influences were the most important effect explaining the co-occurrence of ADHD, CD and ODD unique to maternal and child reports (Burt et al. 2005) . These results underscore the importance of examining different raters separately, since etiologies appear to be somewhat specific to each rater. Furthermore, Dick et al. (2005) conducted face-to-face interviews in a sample of 14 year old children and found that the relationships between these symptoms were largely due to common genetic risk factors (Dick et al. 2005) .
One shortcoming common to these studies, is the exclusion of opposite sex twins-either in the data collection or analyses-making it difficult to understand how etiologies may differ across males and females. By including opposite sex twins it is possible to investigate whether magnitude of genetic and environmental influences differs across sexes, and whether or not it is the same set of genes or shared environmental experiences that influences ADHD, ODD and CD symptoms in males and females. Given that boys generally show a higher prevalence of ADHD (Brown et al. 2001) , ODD (Feehan et al. 1994) and CD (Maughan et al. 2004) , it is interesting to examine both aspects of sex differences, which are whether the magnitude of genetic and environmental effects differs in males and females, and whether the genes that influence the liability to ADHD, ODD and CD symptoms are the same in the two sexes.
Furthermore, it has been suggested that different disruptive and problem behaviors within the psychopathological spectrum (e.g., substance use, antisocial behavior, ADHD, CD, impulsive and sensation seeking personality traits) can be united by an externalizing factor. This has consistently been found on a phenotypic level (please see Krueger et al. 2007; Krueger et al. 2005) . These problem behaviors may co-occur because they share a common genetic component. For instance, the genetic influences on a common externalizing factor describing CD, substance use, ADHD, and novelty seeking was found to account for more than 80% of the variation in an adolescent sample (Young et al. 2000) . Similar findings were reported in a study linking antisocial personality disorder, CD, alcohol and drug dependence and unconstrained personality style (Krueger et al. 2002) . Strong heritable influences on an externalizing factor of antisocial behavior, substance abuse and CD were also found in an adult sample (Kendler et al. 2003) . There is at least one study that reported that the most important influence on a common externalizing factor linking ADHD, CD and ODD symptoms were a common shared environmental influence. However, that study combined maternal and child symptoms into one measure (Burt et al. 2003) .
In the present study, we investigated the genetic and environmental sources of ADHD, ODD and CD symptoms using data from a large sample of 9-10 year old same sex and opposite sex twins. ADHD, ODD and CD symptoms were rated by parents using face-to-face interviews. The discrepancy in the literature regarding the genetic and environmental influence on the covariation among ADHD, ODD and CD symptoms, and the lack of complete understanding of sex differences in their underlying etiology warrants further examination of these disorders and their common genetic and environmental influences in boys and girls. We therefore attempted to expand the existing literature by (1) testing for quantitative as well as qualitative sex differences in the genetic and environmental effects in ADHD, ODD and CD symptoms; (2) determining the extent to which the associations among these symptoms are due to common genetic factors, common environmental factors, or both; (3) testing whether a latent externalizing behavior problem factor explains the covariance among these symptoms; and (4) estimating the genetic and environmental influences for this underlying externalizing factor.
Method

Sample
The subjects were participants in the University of Southern California (USC) Twin Study of Risk Factors for Antisocial Behavior, which is an ongoing prospective longitudinal study of the interplay of genetic, environmental, social, and biological factors on the development of antisocial behavior from childhood to emerging adulthood. The study uses an extensive assessment protocol, including cognitive, behavioral, psychosocial and psychophysiological measures. The twins and their parents were recruited from the larger Los Angeles community and the sample is representative of the ethnic and socio-economic diversity of the greater Los Angeles area (Baker et al. 2007 ). The study includes 605 families, N=1,219 twins and triplets born between 1990 and 1995. Study participation required that the twins be proficient in English and 9 or 10 years old at 1 st assessment (Baker et al. 2006 ). In addition, either English or Spanish proficiency was required for the twins' primary caregiver. So far, two waves of data have been completed, and a third wave is currently being collected. The design and recruitment has been described in additional detail elsewhere (Baker et al. 2006; Baker et al. 2007 ).
Zygosity Determination
Zygosity was based on DNA microsatellite analysis [> 7 concordant and zero discordant markers = monozygotic (MZ); one or more discordant markers = dizygotic (DZ)] for 87% of the same-sex twin pairs. For the remaining same-sex twin pairs, zygosity was established by questionnaire items about the twins' physical similarity and the frequency with which people confuse them. The questionnaire was used only when DNA samples were insufficient for one or both twins. When both questionnaire and DNA results were available, there was a 90% agreement between the two (Baker et al. 2007) .
The current study includes data from the first wave of assessment conducted in [2000] [2001] [2002] [2003] [2004] . During the first wave of data collection, the twins and their primary caregiver participated in a 6-8 hour laboratory assessment at USC. The assessment was divided into two sessions with a one hour lunch break. Caregiver participation was primarily the biological mothers (> 90%) and the twins were 9-10 years old (mean age=9.6, SD=0.60). Only twins where zygosity could be diagnosed and with data from parent ratings on ADHD, ODD or CD symptoms scores were included in the present study: N=1,208 (99% of the total sample N=1,219) children (n=1,181 twins and 9 sets of triplets n=27): 275 MZ male, 169 DZ male, 274 MZ female, 192 DZ female, and 298 opposite sex DZ pairs.
Measures
During the laboratory assessment, the caregivers were asked to report on their twins' symptoms of ADHD, ODD and CD symptoms, and the twins were asked only to report on their own CD symptoms using the Diagnostic Interview Schedule for Children version IV (DISC-IV) (Shaffer et al. 2000) . The DISC was not administered to teachers. As the DISC was administered to caregivers for all three disorder symptoms, we only used caregiver report in the present study. The DISC-IV is a highly structured interview that has been adapted from DSM-IV-TR (American Psychiatric Association 2004) to assess psychiatric disorders and symptoms in children and adolescents age 6 to 17 years old. The DISC-IV has been designed to be administered by well-trained lay interviewers for epidemiological research. Responses of DISC interviews are mostly limited to yes and no, although some have an additional "sometimes" or "somewhat" response option or a close-ended frequency choice. Both symptom scores and diagnoses were provided through computerized scoring of the ADHD, ODD and CD modules. The DISC-IV distinguishes between symptoms present during the "past year" and symptoms that are "current" within the past 4 weeks. The present study only uses the past year ADHD, ODD and CD symptom scores for data analysis.
Attention Deficit Hyperactivity Disorder (ADHD) Symptoms
As in the DSM-IV-TR, the DISC-IV divides ADHD into: (1) a predominantly inattentive subtype, including individuals with significant elevations of inattention in the absence of significant hyperactivity-impulsivity, (2) a predominantly hyperactive-impulsive subtype that includes children with significant elevations of hyperactivity-impulsivity but not inattention, and (3) a combined type that describes individuals with simultaneous elevations of inattention and hyperactivity-impulsivity. In our sample, 60 (4.99%) of the twins met a diagnosis for the inattentive subtype, 43 (3.57%) twins met a diagnosis for the hyperactive/impulsive subtype, 34 (2.82%) twins met a diagnosis for the combined type. In total, 137 (11.38%) twins met the diagnoses for any type.
In the current study we used the total ADHD symptom score, summing both types of items (11 inattention items and 10 hyperactive/impulsive items). The caregivers' reports indicated that 84% of the twins had at least one ADHD-symptom in the past year.
Oppositional Defiant Disorder (ODD) Symptoms
The ODD symptom score was derived as the sum of 12 items from the Oppositional Defiant Disorder module of the DISC-IV (Shaffer et al. 2000) . Of the twins in our sample, 120 (9.96%) met the diagnosis for ODD. Based on caregivers' reports 90% of the twins had had at least one ODD-symptom in the past year.
Conduct Disorder (CD) Symptoms
To measure CD symptoms, the sum of 25 items in the Conduct Disorder module from the DISC-IV was used (Shaffer et al. 2000) . Of the twins in our sample, 24 (1.99%) met the diagnosis for CD. The caregiver reports indicated that 48% of the twins had had at least one CD symptom in the past year.
A subset of twins from 30 families (exactly 30 boys and 30 girls) from the full sample was re-tested after approximately six months to evaluate test re-test reliability for ADHD, ODD and CD symptoms. The test re-test reliability was adequate for the measures: ADHD symptoms, r=0.78, ODD symptoms r=0.69, CD symptoms r=0.81. The internal consistencies (Cronbach's alpha) of the three sets of symptom counts were also sufficient in the full sample: ADHD symptoms α=0.86, ODD symptoms α=0.83, CD symptoms α=0.70. Prior to analysis, the measures were independently transformed (log 10 (x+1)) to reduce the positive skew in their distributions.
All study participants were assured confidentiality. The laboratory procedures and all aspects of the study were reviewed by the University of Southern California Institutional Review Board and were compliant with Federal regulations at the time.
Statistical Analyses
Descriptive Statistics and Correlations
To get a first indication of the underlying sources of variance among ADHD, ODD and CD symptoms, an examination was made of within-person correlations (i.e., phenotypic correlations among ADHD, ODD and CD symptoms), intraclass twin correlations (i.e., Twin-1 and Twin-2 correlations within each measure) and cross-twin cross-trait correlations (e.g., ADHD symptom score in Twin-1 with ODD symptom score in Twin-2). For example, a DZ intraclass correlation approximately half the value of the MZ intraclass correlation would indicate the presence of genetic effects for a given set of symptoms, whereas a DZ intraclass correlation more than half the MZ intraclass correlation indicates the presence of both genetic and shared environmental effects (i.e., non-genetic influences that contribute to similarity within pairs of twins). The cross-twin cross-trait correlations give information about the genetic and environmental correlations between traits. Cross-twin cross-trait correlations are interpreted the same way as intraclass correlations-that is, greater values for MZ compared to DZ pairs suggests shared or correlated genetic influences for two particular sets of symptoms. This cursory examination of observed correlations gives a rough approximation of the genetic and environmental variation and covariation among the three sets of symptoms, although formal modeling is necessary to test the significance of the preliminary inferences made from these correlations.
Genetic Analyses
Saturated models, which estimate the variances, covariances and means of ADHD, ODD and CD symptom scores were first fit in both univariate and multivariate analyses. As these summary statistics were obtained for each zygosity group, mean and variance differences between Twin-1 and Twin-2, between males and females, and between zygosity groups could be formally assessed through the comparison of various sub-models. For example, mean differences between Twin-1 and Twin-2 were ascertained by comparing a model that estimated separate means for Twin-1 and Twin-2 with one that constrains means to be the same across twins.
To estimate the relative contribution of genetic and environmental factors to individual differences in each of the symptom scores (ADHD, ODD and CD) univariate model fitting was carried out. By using both male and female same sex twins it is possible to test for quantitative sex differences; that is, to test whether the magnitudes of genetic and environmental effects differ in males and females for a specific trait or disorder or if they can be constrained to be equal. In addition, by also including opposite sex twins it is possible test for qualitative sex differences; that is, to test whether different genetic and shared environmental effects are important for males and females for a specific trait or disorder. If different genetic influences are important, then the opposite sex twins will be less genetically similar for the trait than DZ twins and their genetic correlation will be less than 0.5. This can be tested by allowing the genetic correlation for opposite sex twin pairs (r Gmf ) to be estimated in the model, rather than being fixed to 0.5. Alternatively, to evaluate whether qualitatively different environments are important in each sex, one can test whether the correlation between environments shared by male and female twins (r Cmf ) is less than 1.0 in opposite sex twin pairs (Neale & Cardon 1992) .
This basic univariate genetic model can be extended to the bivariate case in order to investigate the genetic and environmental overlap between ADHD and ODD symptoms, between ADHD and CD symptoms, and between ODD and CD symptoms (Enders & Bandalos 2001) . A Cholesky decomposition was used to estimate variancecovariance matrices for A, C and E effects in a correlated factors model (Davis et al. 2007 ) for each pairwise set of symptoms. This provides estimates of the genetic correlation (r g ), the shared environmental correlation (r c ), and the non-shared environmental correlation (r e ) between a pair of measures, in this case, between ADHD and ODD symptoms; or between ADHD and CD symptoms; or between ODD and CD symptoms. r g indicates the extent to which genetic effects on one measure overlap with genetic effects on another measure, while r c and r e indicate overlap among shared and non-shared environmental factors for the different symptoms. These statistics vary from −1.0 and +1.0, and are independent of the magnitudes of genetic and environmental influence for each set of symptoms (Posthuma et al. 2003) .
To investigate further the nature of the relationships among ADHD, ODD and CD symptoms, two types of multivariate models were also fit to the three sets of symptoms simultaneously: (1) an independent pathway model, and (2) a common pathway model. In an independent pathway model, genetic and environmental effects are of two types: common and specific. The model specifies common genetic (A); common shared environmental (C); and common non-shared environmental (E) factors that load on ADHD, ODD and CD symptoms, as well as genetic and environmental effects that are specific (plus error) to each measure. It should also be noted that an independent pathway model including three variables estimates the same number of parameters as a Cholesky model for three variables. In contrast, in a common pathway model, the common genetic (A), common shared environmental (C), and common non-shared environmental (E) factors are mediated through a shared latent factor (F) that represents the variance shared among the three externalizing behaviors. The common pathway model estimates fewer parameters than the independent pathway model and therefore, is more parsimonious. In addition to the genetic and environmental effects on the shared latent factor; As, Cs, and Es (which include measurement error) parameters that are specific to each measure are also estimated (McArdle & Goldsmith 1990; Neale & Cardon 1992) . Fully saturated models, which estimate means and 6x6 matrices of covariances among the three externalizing symptom scores, were used as a baseline comparison.
All models were fit with the structural equation program Mx , using a maximum likelihood estimation procedure for raw data. This raw maximum likelihood approach yields a goodness of fit index calculated as two times the log-likelihood of the data given the model (−2LL). The difference between the fit index of a full model and that of a submodel, in which parameters are fixed to be zero or constrained to be equal, follows a χ 2 distribution with the difference in the number of estimated parameters as the degrees of freedom. A non-significant difference indicates that the model with fewer parameters to be estimated fits the data better (Neale & Cardon 1992) . In addition to the likelihood-ratio χ 2 -test, Akaike's information criterion (AIC=χ 2 −2 × degrees of freedom) was computed. The AIC represents the balance between model fit and the number of parameters (parsimony), with lower values of AIC indicating the most suitable model (Akaike 1987) . Finally, a third model-selection statistic was the Bayesian Information Criterion (BIC=−2LL+df ln N), where increasingly negative values correspond to increasingly better fitting models (Raftery 1995) .
Results
Descriptive statistics for ADHD, ODD, and CD symptoms at ages 9-10 years are presented in Table 1 . No significant mean or variance differences were found between Twin-1 and Twin-2, nor were there any mean or variance differences across zygosity groups (MZ male, DZ male, MZ female, DZ female, opposite sex) for any of the measures (analyses available upon request). The lack of variance differences between MZ and DZ twins suggests that sibling imitation or contrast effects may not be important to these three groups of externalizing behavior symptoms at this age (Simonoff et al. 1998) . Even so, bivariate and multivariate genetic models were run with and without opposite sex twins; that is, one set of analyses using five zygosity groups (MZ male, DZ male, MZ females, DZ females, and opposite sex twins) and one set of analyses using four zygosity groups (excluding opposite sex twins).
No variance or covariance differences were found between boys and girls for any of the symptoms, apart for CD symptoms where some variance differences were found between DZ males and females (χ 2 =6.86, df=2, p=0.03) and between opposite sex males and females (χ 2 =4.34, df= 1, p=0.04). Significant mean differences were found between boys and girls for all three measures ADHD symptoms (χ 2 =59.47, df=9, p<.001) ODD symptoms (χ 2 =20.23, df=9, p=.02) CD symptoms (χ 2 =36.56, df=9, p<.001). Therefore in all genetic models, mean values were estimated separately for boys and girls.
Moreover, the three measures were moderately correlated in this sample: ADHD symptoms and ODD symptoms: phenotypic correlation r (1204)=.40, p<0.001; ADHD symptoms and CD symptoms: r (1204)=.37, p<0.001; and ODD symptoms and CD symptoms: r (1205)=.45, p<0.001.
Twin Correlations
Intraclass and cross-twin cross-trait correlations are shown in Table 2 . The MZ intraclass correlations were consistently greater than the corresponding DZ intraclass correlations, suggesting genetic influences for all three symptoms. Likewise, the cross-twin cross-trait correlations were also generally greater for MZ than DZ pairs, indicating that the genetic effects are important for the relationship between ADHD and ODD symptoms, between ADHD and CD symptoms, and between ODD and CD symptoms. The same-sex DZ intraclass correlations for ADHD symptoms were less than half the MZ intraclass correlations; this was most evident in females. This could indicate the influence of dominant genetic effects (D), consequently a univariate ADE model was compared to an AE model. However, an AE model provided a better fit (χ 2 =0.72; df=2; p=0.70). Moreover, the same-sex DZ intraclass correlations for ODD and CD symptoms were all greater than half the MZ intraclass correlations, indicating shared environmental influences. The lower DZ opposite sex intraclass correlation compared to the DZ same sex intraclass correlation for CD symptoms may be due to qualitative sex differences. Lastly, Note. MZ = monozygotic; DZ = dizygotic; n = number of participants the MZ intraclass correlations were all less than one, which suggest influence of non-shared environment.
Univariate Modeling Fitting Results
Table 3 displays univariate model-fitting results and parameter estimates for all five zygosity groups (both same-sex and opposite-sex twins included). Comparing Models I and II with Model III showed that qualitative sex differences were not significant for either ADHD (Δχ 2 =0.20; df=1; p=0.65 for fixing r Gmf =0.5; Δχ 2 =0.00; df=1; p= 1.0 for fixing r Cmf =1.0) or ODD (Δχ 2 =0.00; df=1; p= 1.00 for fixing r Gmf ; Δχ 2 =0.04; df=1; p=.53 for fixing r Cmf = 1.0). Moreover, comparing Models III and IV revealed that variance components could be constrained to be equal in males and females for both ADHD (Δχ 2 = 0.18; df=3; p=0.98) and ODD (Δχ 2 =1.07; df=3; p= 0.78). Genetic influences in ADHD symptoms accounted for 61% (p<0.05) of the variance, while 39% (p<0.05) was due to non-shared environmental influences. For ODD symptoms, 34% of the variance (p<.05) was due to genetic effects, 25% (p<0.05) was due to shared environmental influences, and the non-shared environment accounted for the remaining 41% (p<0.05).
For CD symptoms, there were no qualitative sex differences in environmental influences, as indicated by the lack of significant drop in fit when fixing the shared environmental correlation for opposite sex twins (r Cmf ) to be 1.0 (Model III) compared to it being freely estimated (Model II) (Δχ 2 =1.56; df=1; p=0.21). The best fitting model according to AIC indicated qualitative sex differences in genetic influences, as well as quantitative sex differences. The genetic correlation for opposite sex twins r Gmf was estimated to be 0.00, with a 95% CI that included both boundary values of 0 and 0.5. Nonetheless, fixing the genetic correlation between males and females to be 0.50 (Model III) produced only a marginally significant drop in fit compared to Model I where the male-female genetic correlation was freely estimated (Δχ 2 =3.08; df=1; p= 0.08), and the lowest BIC value was obtained for Model III with quantitative but no qualitative sex differences in either genetic or environmental influences. This discrepancy in fit values for various constraints on sex effects suggested that one additional model be considered for CD symptoms, namely one in which qualitative sex differences in genetic effects are allowed but the magnitude of variance components constrained to be equal for boys and girls (Model IVa in Table 2 ). This model did not fit well, and was significantly worse than Model I (Δχ 2 =12.67, df=3, p<0.05), further suggesting the possibility of some quantitative sex differences for CD. Given the ambiguity of results concerning the qualitative sex differences in CD symptoms, the full model estimates are presented in Table 2 . As shown, the ACE estimates are actually remarkably similar for boys and girls, with heritability only slightly larger in girls (44%; p<0.05) than in boys (39%; p<0.05), and the shared environment being only slightly larger in boys (32%; p<0.05) than in girls (26%). It should however, be kept in mind, that CD symptoms were rare at this age, and CD generally peaks at a later age, therefore these observed sex differences-both quantitative and qualitative-should be treated with caution. Larger samples including opposite sex twins are required to resolve these sex differences most clearly. Table 4 displays genetic, shared environmental and nonshared environmental correlations between ADHD and ODD symptoms; ADHD and CD symptoms; and ODD and CD symptoms. In order to evaluate the extent to which Note. Model I: estimates different variance components and different genetic effects in the sexes; Model II: estimates different variance components and different shared environmental effects in the sexes; Model III: estimates different variance components in the sexes; Model IV: estimates same variance components in both sexes; Model IVa (fit only for CD symptoms) estimates different genetic effects but with equal magnitude of variance components in both sexes. Models I thru IVa are compared to the saturated covariance model in each case. A = variance due to additive genetic influences; C = variance due to shared environmental influences; E = variance due to non-shared environmental influences.
Bivariate Model Fitting Results
opposite-sex twin correlations may be driving these estimates (especially in light of the somewhat lower DZ male-female correlation for CD symptoms), results are presented with and without the DZ male-female twins. The first three columns in Table 4 contain results including opposite sex twins and the last three rows contain results excluding opposite sex twins. For analyses including opposite-sex twins, the model that constrained genetic and environmental parameter estimates to be equal in males and females fit best for ADHD and ODD symptoms (χ 2 =5.03; df=9; p=0.83) . Likewise, a model with sex equality for ACE effects fit best for ADHD and CD symptoms (χ 2 = 15.39; df=9; p=0.08) and for ODD and CD symptoms (χ 2 = 15.05; df=9; p=0.09). The observed sex differences in CD symptoms were not seen the bivariate analyses, which is probably due in part to their effects being very slight combined with the variance-covariance structure being similar across sexes. The same pattern of non-significant sex differences was found when excluding opposite sex DZ twins (model-fitting indices are available upon request). As seen in Table 3 , the pattern of results is highly similar for analyses with and without the male-female twins, suggesting these are not unduly affecting these parameter estimates.
The genetic correlation (r g ) of 0.49 in the full sample analyses, including opposite sex pairs, suggests a significant overlap between genetic influences in ADHD and ODD symptoms. Although the shared environmental correlation (r c ) was estimated at its upper boundary value, it was non-significant. Non-shared environmental influences also show a significant overlap across ADHD and ODD symptoms (r e =0.30, p<0.05). It should be noted that the non-shared environmental correlation (r e ) could also reflect correlated measurement error between the two measures. Likewise, the genetic correlation between ADHD and CD symptoms was r g =0.43 (p<0.05), whereas both the shared environmental correlation and the non-shared environmental correlation were non significant. The genetic correlation between ODD and CD symptoms was r g =0.51, consistent with the hypothesis of a significant overlap of genetic influences between these two disorders. The shared environmental correlation was r c =0.81 (p<0.05) and the non-shared environmental correlation was r e =0.21 (p< 0.05). The results from the analyses without opposite sex twins were similar to the results from the analyses including them, with the exception that r c is highly significant between ADHD and CD when opposite sex Note. r g = genetic correlation; r c = shared environmental correlation; r e = non-shared environmental correlation Note. −2LL = −2(log-likelihood) AIC = Akaike's Information Criterion; BIC = Bayesian Information Criterion; df = degrees of freedom; Δχ 2 = difference in log-likelihoods between nested models, Model 2 is compared to Model 1, Model 3 is compared to 2, Models 3a thru 3c are compared to Model 3. twins are excluded. This is possibly due to the presence of some shared environmental influences in ADHD and the fact that the shared environmental influences in CD were significant. We note that in all cases, the confidence interval for r g did not include 1.0, indicating that in spite of the significant genetic correlations among these disorders there is some genetic specificity for each set of symptoms as well.
Multivariate Model Fitting Results
To investigate whether a latent externalizing behavior factor explains the covariance among these three symptoms, an independent pathway and a common pathway model were tested using the full sample, including opposite sex pairs (see Table 5 ). There was no significant loss in fit in the independent pathway compared to the saturated model (Δχ 2 =109.48;Δdf=93; p=0.12). The common pathway model, which tests whether ADHD, ODD and CD symptoms share one underlying latent factor, did not worsen the fit compared to the independent pathway model (Δχ 2 =14.59;Δdf = 8; p = 0.07). The common pathway model also had a smaller AIC, indicating that it is a more parsimonious model. In addition, the common pathway model had a smaller BIC, indicating a better fit.
The genetic and environmental factor structure was similar for boys and girls. In fact, constraining the factor loadings (i.e., the paths from the latent factor to ADHD, ODD and CD symptoms, see Fig. 1 ) to be equal for boys and girls resulted in a non-significant decrease in fit (Δχ 2 = 3.45; Δdf=3; p=0.33). Next, we constrained common A, common C and common E (i.e., the latent A, C, and E that explain the latent externalizing factor, see Fig. 1 ) to be equal in boys and girls, and doing this did not reduced the fit of the model (Δχ 2 =6.22; Δdf=6 p=0.40). Also, the measurement specific effects could be constrained to be equal in boys and girls (Δχ 2 =18.91; Δdf=15, p=0.22). Figure 1 displays squared standardized parameter estimates from the common pathway model. The variation in the latent factor labelled externalizing behavior was explained 57% (p < 0.05) by the genetic factor (A), 24% (non-significant) by the shared environmental factor (C), and 19% (p < 0.05) by the non-shared environmental factor (E). The measurement specific genetic effects (AS) accounted for 36% (p < 0.05) of variance in ADHD symptoms, 5% (non-significant) in ODD symptoms, and 37% (p < 0.05) in CD symptoms. The measurement-specific shared environmental effect explained 15% (non-significant) of variance in ODD symptoms, but none of the variance in either ADHD or CD symptoms. The measurement-specific nonshared environmental effects, including measurement error, were significant in all three symptoms and explained variance from 24 to 34%. The results from the analyses without opposite sex twins are presented within the parentheses, and these were very similar to the results from the analyses including the opposite sex twins. Model-fitting indices excluding opposite sex twins are available upon request.
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Discussion
Parental ratings of ADHD, ODD and CD symptoms in a large sample of 9-10 old twins were used to investigate the covariation among these three areas of child behavior problems. Most importantly, our findings demonstrated that a latent externalizing behavior factor explains the covariance among ADHD, ODD and CD symptoms. Genetic influences (57%) explained more than half of the variance in this externalizing factor, shared environmental influences were non-significant, and 19% was accounted for by the non-shared environment. There were also some unique genetic and environmental influences in each symptom type suggesting some independence and etiological distinction among these symptoms. In our sample, ADHD symptoms were highly heritable, with 61% of the phenotypic variance being explained by genetic factors. These results support the findings of previous research with heritability being approximately in the range of 55-80% for ADHD (Rhee et al. 1999; Rietveld et al. 2003; Thapar et al. 2000) . In keeping with previous research, non-shared environmental effects explained the remaining variance, whereas shared environmental influences seemed to be of negligible importance for ADHD symptoms . In contrast to our findings for ADHD symptoms, we found that the variation in ODD symptoms was not only due to genetic and non-shared environmental influences, but also due to shared environmental influences. That is, heritability and shared environmental influences explained approximately one third and one of quarter each of the total variance in ODD symptoms, respectively. This finding is consistent with earlier studies on ODD symptoms (Burt et al. 2001) . The current study also provides further support for the general finding of the importance of genetic, as well as shared environmental influences for the development of CD symptoms (Jacobson et al. 2002; Rose et al. 2004) .
Our data indicated no sex differences in the genetic and environmental effects in ADHD. Previous studies on ADHD have also suggested the absence of quantitative, as well as qualitative sex differences in larger samples of parent, teacher and self-reported data (Derks et al. 2008; Haberstick et al. 2008) , although there are some exceptions (Larsson, Larsson & Lichtenstein 2004; Rhee et al. 1999) . Nor did we find any significant sex differences in ODD symptoms, which is in line with previous studies on ODD (Derks et al. 2007; Dick et al. 2005) . However, we found some suggestion of qualitative sex differences in the genetic influences, as well as slight but significant quantitative sex differences in the univariate analyses for CD symptoms. Genetic influences were slightly larger in girls, and the shared environment somewhat larger in boys. There is also some possibility of different genetic influences being important in boys and girls, given the somewhat lower correlation for CD symptoms in DZ male-female twin pairs. Earlier research on conduct problems has yielded conflicting results, with some studies reporting significant sex differences (Jacobson et al. 2002; Rose et al. 2004) , and others finding no sex differences (Dick et al. 2005; Subbarao et al. 2008) . These aforementioned studies all used self-report measures in larger samples. The inconsistency in the literature regarding sex differences in the genetic and environmental effects on externalizing problem behaviors suggests that this warrants further investigation in studies including large samples of both same-sex, and perhaps especially opposite sex twins.
Genetic influences comprised a substantial amount of the variance in ADHD, ODD and CD symptoms and the covariance among them also seemed largely to stem from a common genetic factor. In fact, the covariation among these symptoms could be explained by a latent externalizing behavior factor, and 57% of the total variance in this externalizing behavior factor was explained by a common genetic risk factor. This suggests that a common genetic influence operates to bring about the co-occurrence of ADHD, ODD and CD symptoms. Further, the genetic correlation between ADHD and ODD symptoms was largely due to the influence of genes that increase the risk for both disorders. The same pattern was found for the relationship between ADHD and CD symptoms, and for ODD and CD symptoms. These findings replicate previous research investigating the covariation among these externalizing symptoms (Dick et al. 2005; Nadder et al. 2002; Silberg et al. 1996; Thapar et al. 2001 ). However, our findings differ from other published studies, which found that a common shared environmental factor linking ADHD, ODD and CD symptoms was the most important influence (Burt et al. 2003; Burt et al. 2001) . A possible explanation for the differences in our findings compared to Burt et al. is that they combined data from parent and child reports into one measure, whereas in the present study we only used parental ratings. When using one rater (either self-report (Dick et al. 2005; Young et al. 2000) or caregiver report (Nadder et al. 2002; Silberg et al. 1996; Thapar et al. 2001 )) a common genetic factor seems to account for the variance among these symptoms. However, when data is combined from different raters, a common shared environmental factor seems to account for their covariation (Burt et al. 2003; Burt et al. 2001) .
The extent to which the same genes contribute to the cooccurrence of these disorders has implications for molecu-lar genetic studies attempting to identify specific genes involved in these disorders. A recent study has in fact found evidence of linkage to a region of chromosome 7, which appears to contain genes conferring risk to the externalizing spectrum (including alcohol, drug dependence, CD, antisocial personality disorder, novelty and sensation seeking) (Dick et al. 2008) . Together these findings have implications for how these disorders are grouped and classified. Specifically, if these different disorders are brought about by the same underlying genetic liability, then it is possible that certain environmental experiences determine which disorder is expressed in an individual (Kendler et al. 1987) .
However, not all genetic influences were in common among ADHD, ODD and CD symptoms. This was indicated by the genetic correlations between these symptoms being significantly less than one. A non-overlapping genetic variance suggests that these disruptive behavior disorders are somewhat independent in their underlying biological substrates. Further, not all genetic influences were accounted for in the externalizing behavior factor, that is, there were some unique genetic influences in these symptoms, especially in ADHD and CD symptoms. This indicates that there are genetic effects that uniquely impact these symptoms, over and above the genetic influence from the externalizing behavior factor. In other words, there are also some etiological distinctions among these externalizing disorders. Nonetheless, our findings indicate that a common genetic vulnerability puts the individual at risk for developing more than one disorder. It is possible that a common set of genes not only influence these disruptive behavior disorders (Dick et al. 2005; Nadder et al. 2002; Silberg et al. 1996) , but also other externalizing problem behaviors e.g., substance use, and certain personality traits such as novelty seeking, reflecting a common genetic vulnerability for externalizing psychopathology (Kendler et al. 2003; Krueger et al. 2002; Young et al. 2000) .
Apart from finding a strong genetic overlap among these symptoms, we also found that shared environmental influences were of modest importance for their covariation. A common shared environmental influence in the externalizing factor indicates that common vulnerabilities within the shared environment increase the risk for the co-occurrence of these symptoms. This seems especially true for the co-occurrence of ODD and CD symptoms because the shared environmental correlation between them was significant. Common shared environmental risk factors for these symptoms may for example include family related factors (e.g., poor child rearing practices, maltreatment) (Caspi et al. 2002; Rutter et al. 1998) and contextual factors (e.g., neighborhood disadvantage and poverty) (Sampson, Raudenbush & Earls 1997) . Further research is needed to understand the important components in shared environmental risk factors in relationship to the cooccurrence of these symptoms. Finally, the current study found that non-shared environmental influences contributed to the covariation among these symptoms. It should be noted that the model used in the present study partitions measurement error away from variance in the latent externalizing behavior factor. When doing this, the non-shared environment for latent externalizing behavior factor was found to account for 19%, thus accounting for a significant amount of variance independent of measurement error. Common nonshared environmental risk factors include any experience that is unique to the individual and not shared by his/her co-twin, e.g., head trauma, belonging to different peer groups. We also found significant measurement-specific non-shared environmental effects, which includes measurement error.
Strengths and Limitations of the Present Study
There are several strengths in our study. The twin sample is large and the sample is representative of the ethnic and socio-economic diversity of the greater Los Angeles area (Baker et al. 2006) . We used the DISC-IV (Shaffer et al. 2000) , a well-standardized instrument to assess ADHD, ODD and CD symptoms. We used face-to-face interviews with the parents and our interview staff was well-trained in the procedures of the DISC. In addition, to fully explore potential sex differences, same sex twins as well as opposite sex twins were included. However, we also have to consider the limitations of this study and how these might have influenced our findings.
First, ADHD, ODD and CD symptoms were assessed using structured interviews with parents in a population-based twin sample; hence results should not be extrapolated to clinical settings. It should however be noted that populationbased samples, as opposed to clinically referred samples, do not introduce referral and selection biases (Angold et al. 1999 ). Furthermore, it should also be mentioned that the children included in this study are in their pre-adolescent years, and CD problem behaviors generally peak in midadolescence (Moffitt 1993) . It remains to be seen how genetic and environmental influences in all three sets of symptoms will change over time. Given the longitudinal nature of the present study, it will be possible to explore these developmental changes in future waves of assessment.
Second, our study is comprised of a cross-sectional sample of 9-10 year old twins, and therefore does not consider any developmental changes in the different disorders, or whether one disorder precedes the other disorder. Future longitudinal data will be required to investigate temporal changes in these childhood disorders. In addition, ADHD, ODD and CD symptoms were based on data from only one informant, which is a further limitation to our study.
A third limitation relates to rater bias. Rater bias occurs when parents either stress the similarities or differences in their children. If there is rater bias, variance differences between MZ and DZ twins are expected. An effect of parents stressing their twins' similarities is confounded with shared environmental influences, and an effect of parents contrasting their twins' is confounded with dominant effects Vierikko et al. 2003) . This suggests that a very low DZ correlation, which may indicate dominant effects, in combination with larger variance among DZ twins would be explained by rater bias. That is, in which parents tend to contrast their twins (Simonoff et al. 1998) . However, the patterns of intraclass correlations and variances suggest that the effects of rater bias are of limited importance for ADHD symptoms in our data. We found shared environmental influences for ODD and CD symptoms. Even though no variance differences were found, it is possible that part of the shared environment is due to rater bias. On the other hand, because we conducted interviews for each twin separately, this may have reduced the tendency for parents to give similar ratings for both co-twins. A high shared environmental estimate is possibly due to rater bias which might be greater in studies using questionnaires to obtain parental ratings. In addition, we ran all our analyses including and excluding opposite sex twins, and when doing this we found similar results.
In conclusion, it is important to understand the causes of covariation among ADHD, ODD and CD symptoms, as the individuals exhibiting only one problem behavior are likely to have different prognoses, treatment responses, and risk factors compared with individuals who have multiple disruptive behavior disorders. The current study provides evidence that a highly heritable externalizing behavior factor explains the covariance among ADHD, ODD and CD symptoms. Our findings have implications for molecular genetic studies trying to identify susceptibility genes for these disorders. Furthermore, shared and non-shared environmental influences were also of importance in the externalizing behavior factor. This suggests that aspects of the environment, on both a family and a community level, may be important to consider in prevention and intervention strategies targeting the co-occurrence of these symptoms.
